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(57) Abstract: A wireless communication system with transmit diversity scales a training sequence simultaneously transmitted by 
two or more antennas over two or more time intervals in a manner that allows a receiver to perform channel estimation relative to 
each antenna. The transmit signal is scaled at each antenna in each time interval by a corresponding scaling value selected from a 
set of orthogonal scaling values. The receiver develops a channel estimate for each of the time intervals as if there were only one 
antenna transmitting the training sequence. These channel estimates are then sununed or combined for each transmit antenna, .using 
values from the corresponding scaling value matrix column. The orthogonality between scaling value sequences used between the 
multiple transmit antennas allows the receiver to distinguish the training sequence as received from the individual transmit antennas, 
and to thus perform channel estimation with respect to each transmit antenna. 



wo 02/098088 Al lilillllilllllilllilllllli 



CH, CN, CO, CR, CV, CZ, DE, DK DM, DZ, EC, EE, ES, 
Fl GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS JP, KE, 
KG, KP,KR,KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,MG, 
MK, MN, MW, MX, MZ, NO, NZ, OM, PH, PL, PT, RO RU, 
SD. SE, SG, SI, SK SL, TJ, TM, TN, TR, TT, TZ. ' UA VG 
UZ, VN, m ZA, ZM, ZW, ARIPO patent (GH, GM, KE LS 
MW, MZ, SD, SL, SZ, TZ, VG, ZM, ZW), Eurasian patent 
(AM, AZ, BY, KG, KZ, MD, RV, TJ, TM), European patent 
(AT, BE, CH, Cr, DE. DK, ES, FI, FR, GB, GR, IE, IT LV, 
MC, NL, PT, SE. TR), GAP/ patent (BF, BJ, CF, CG. CI 
CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG) 
as to applicant 's entitlement to apply for and be granted a 
patent (Rule 4. 1 7(ii))for all designations 
— as to applicant 's entitlement to apply for and be granted a 
patent (Rule 4. 1 7(ii))for all designations 



— as to the applicant 's entitlement to claim the priority of the 
earlier (^plication (Rule 4, 1 7(iii))for all designations 

— as to the applicant 's entitlement to claim the priority of the 
earlier application (Rule 4, 1 7 (Hi)) for all designations 

— as to the applicant 's entitlement to claim the priority of the 
earlier explication (Rule 4.17(iii)) for all designations 

PubUshed: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



wo 02/098088 



PCT/US02/15961 



TIME INTERVAL BASED CHANNEL ESTIMATION WITH TRANSMIT DIVERSITY 
BACKGROUND OF THE INVENTION 
The present invention relates generally to wireless communication systems and 
particularly relates to channel estimation in wireless communication systems that employ 
5 transmitter diversity. 

Reliability represents a critical measurement in assessing the performance of any 
communication system, including the many types of wireless communication systems in use 
today. In wireless environments, achieving reliable communication requires overcoming the 
many challenges associated with non-ideal reception conditions, and particularly with 
1 0 overcoming or compensating for changing channel characteristics. 

With the complex encoding and wide band channels employed by some types of 
wireless communication systems, successful signal reception and information recovery often 
depends on effective channel equalization wherein a receiver compensates a received signal for 
the characteristics of the channel through which it was received. Channel equalization reduces 
1 5 block or bit enDr rates In the received signal to acceptable levels and, indeed, permits 

successful communication under channel conditions that would otherwise prevent reliable 
communication. 

Channel equalization requires that the receiver "learn" the characteristics for the 
reception channel, which is generally taken to be the signal path between the transmitter and 

20 the receiver. In blind estimation techniques, the receiver determines the channel characteristics 
based on decoding Information from the received signal without benefrt of a priori knowledge of 
the transmitted information. Training may be somev^^at simplified and improved, where 
possible, by transmitting a known sequence during a portion of the received signal. Channel 
estimation is simplified in this scenario in as much as the receiver knows what sequence of 

25 values it should have received during the training portion of the received signal and can thus 
compare what it actually received with what it should have received. 
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Another problem of significant concern in wireless communication systems is channel 
fading. When there is relative motion between the transmitter and receiver, the radio signal 
propagation path changes as the nature and position of obstructions between them changes. 
This causes abrupt changes in received signal strength, and can result in a complete loss of the 
5 received signal under extreme fading conditions. Transmit signal divereity. wherein two or more 
antennas transmit the same information signal, represents one approach to combating feding 
problems. With multiple transmit antennas there is a greater likelihood that at least one of the 
transmitted signals from the multiple antennas will not be completely feded, thus allowing 
successful signal reception at the receiver. 
10 However, transmit diversity complicates received signal equalization because the 

receiver must develop accurate channel estimates for each transmit path or channel. One 
approach to this task Involves transmitting separate training sequences from each transmit 
antenna. To facilitate estimation of these multiple channel responses at the receiver, the 
different training sequences transmitted from the multiple antennas must have good auto- and 
15 cross-con-elation properties. Finding an adequate number of training sequences with the 
requisite comelation qualities is difficult at best, owing to the limited length of ttie training 
sequences that can be used and the limited "alphabet" fiom which distinct training values may 
be formed. The difficulty in finding suitable training sequences increases with tiie number of 
transmit antennas used. 



20 



BRIEF SUIVIMARY OF THE INVENTION 
A wireless communication system employing transmit diversity uses multiple time 
intervals or slots in a wireless communication system to perfomi channel estimatton between 
multiple transmit antennas and a given receiver using a single training sequence. Rather ttian 
25 using a potentially difficult-to-find set of distinct training sequences, one for each transmit 

antenna, each transmit antenna broadcasts tiie same training sequence, but scaled and signed 
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tn each time interval according to a conresponding value in a scaling value matrix. The receiver 
perfonms basic channel estimation In each of the time Intervals as If there were only one 
transmit antenna. A channel estimate for each transmit antenna may then be determined at the 
receiver by properly combining the channel estimates obtained across all time Intervals. 
5 The scaling value matrix is defined where each column corresponds to a particular one 

of the multiple transmit antennas, and where the rows correspond to successive time intervals. 
The column values are defined such that each column is orthogonal with respect to all other 
columns. Thus, the antenna at the ^ time interval or slot transmits the training sequence 
scaled by the matrix element b,(j. At the receiver, a combined channel estimate is developed for 

1 0 each received signal time slot as if there were only one transmit antenna. The receiver then 

sums the combined estimates for each antenna based on the same scaling value matrix used to 
scale the transmit signal. This estimate may itself comprise a set of estimates corresponding to. 
multipath signal components from each of the antennas. The orthogonal properties of the 
scaling value matrix allows the receiver to cancel signal interference from the other transmit 

15 antennas when combining the composite channel estimates for individual ones of the transmit 
antennas. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a diagram of a wireiess mobile network with transmit diversity. 
20 Fig. 2 is a diagram of a repeating time slot in a generalized TDMA signal. 

Fig. 3 is a diagram of a transmit diversity scaling value matrix used in the present 
invention. 

Fig. 4 is a diagram of training sequence scaling over successive TDMA time slots using 
elements from the scaling value matrix of Fig. 3. 
25 Fig. 5 is a diagram of exemplary multipath channels between the transmit antennas and 

the access terminal of Fig. 1 . 
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Fig. 6 is a diagram of an exemplary architecture for tiie access tenninal. of Fig. 1 . 
Fig. 7 is an exemplaiy diagram illustrating joint channel estimation in acconlance with 
the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 
The following discussion includes, in certain specific examples, details that are based on 
the Global Services for Mobile Communications, but the present invention is broadly applicable 
to both Time Division Multiple Access (TDMA) and Code Division Multiple Access (CDMA) 
communication systems. Thus, it should be understood that specific details and examples are 
for explaining various aspects of the invention and should not be construed as limiting the scope 
of the present invention. 

Turning now to the drawings. Fig. 1 illustrates a wireless mobile communication network 
generally referred to by the numeral 10. The mobile network 10 includes a mobile switching 
center (MSG) 12 to interface with one or more external networks 14. a base station controller 
(BSC) 16, a radio base station (RBS) 18 with multiple transmit ampliflere 19 and associated 
antennas 20. and a plurality of wireless access tenninals (ATs) 30. Note that the multiple 
transmit antennas may be annanged on a common mast or tower in some Implementations, 

In actual implementation, the mobile network 10 typically includes one or more MSCs12. 
and multiple BSCs 16, each one supporting one or more RBSs 18, as well as other network 
elements, such as home and visitor location registers (not shown). 

The mobile network 10 permits a user of the AT 30 to communicate with other AT users, 
and with users of the one or more external networks 14. These external networks may include 
but are not limited to the Public Svi^ched Telephone Network (PSTN) and the Internet The 
BSC 16 provides call traffic and control signaling to each of the RBSs 18, as well as providing a 
communication interface to the MSC 12, which acte a gateway to the external networks 14. The 
RBS 18 provides RF resources. (e.g., modulators, demodulators, etc.) for sending and receiving 
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data and control Information via RF signaling to each of the ATs 30 that are active within service 
area covered by the set of antennas 20. 

The set of antennas 20 (e.g., Ai, A2. ... An) are used to achieve transmit diversity from 
the perspective of the AT 30. The infonnation to be conveyed to the AT 30 is mapped into N 

5 possibly distinct signals to be transmitted from Ai An. ' This is done In the interest of 

overcoming potential multipath fading problems that occur over the physical medium. 
Essentially, having multiple transmit signals increases the likelihood that the AT 30 will always 
receive at least one of the transmit signals from at least one of the antennas 20. In short, the 
Idea of transmit diversity involves having two or more physically separated transmit antennas 20 

10 so that an obstruction or condition that prevents the AT 30 from receiving the transmit signal 
from one antenna 20 will hot simultaneously prevent reception of the transmit signal from 
another antenna 20. In addition, the N signals can be designed such that they do not effectively 
cancel one another at the receiver (e.g., AT 30). That is, designed such that the effect of fading 
on the N different propagation channels from the N transmit antennas 20 to the AT 30 does not 

15 result In the signals adding In subtractive fashion at the AT 30. 

There will be, in most cases, a defined total transmit power level for the transmit signals 
from the antennas 20 to the AT 30, so the transmit power from each of the antennas 20 Is 
scaled by the number of antennas M Thus, for periods when all of the N transmit antennas are 
simultaneously transmitting to the AT 30, the transmit power from each antenna 20 Is, in 

20 general, l/N. Dynamic transmit power adjustment is a common feature In most wireless 

communication systems, and may be accomplished here by proper configuration of each of the 
transmit amplifiers 19. 

In TDMA systems, multiple users are supported on a given transmit and receive 
frequency by defining sets or frames of repeating time slots, with one or more slots from each 

25 repeating frame assigned to a specific user. Fig. 2 is a simplified illustration of TDMA time slots 
in the context of a GSM system. Each time slot has a. defined organization that includes both 
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unknovm informatton (control and data), as well as known information (e.g., training sequences), 
all In accordance with the synchronized frame/slot timing defined by the GSM standard. 

As noted eariler, channel equalization refers to the technique of compensating a 
received signal for the distortions caused by radio path propagation. A given radio signal 
5 propagation path is tenned a "channel." By compensating for the channel's phase shift and 
attenuation, the AT 30 can significantly improve its ability to recover data from the received 
signal. The training sequence portion of the slot data is a known sequence of 26 symbols that 
are used by the AT 30 to estimate the channel response. The estimated channel response is 
used to compensate the received signal for channel distortions. Channel equalization 
10 effectively applies a filter with a response that is matched to the channel of the received signal. 

With transmit diversity, multiple transmit antennas 20 broadcast simultaneously. The AT 
30 receives signals from the multiple antennas 20 simultaneously, making the task of 
discriminating training sequence information received from the various antennas difficult. A 
typical wireless communication system with transmit diversity transmits a different training 
15 sequence from each one of its multiple transmit antennas. Finding a set of training sequences 
with sufficiently good auto- and cross-con«lation properties is difficult, and becomes 
increasingly difficult as the number of transmit antennas Increases. Also, introducing new 
training sequences creates incompatbillties between transmit diversity and non-transmit 
diversity modes. Since both modes must co-exist in typical wireless communication system, 
20 new sequences are best avoided if possible. 

The present invention uses a single training sequence with good auto-conelation 
properties, and transmits this single training sequence from each of the multiple transmit 
antennas 20. The complexity of detenninlng a single training sequence with suitable 
autocorrelation performance is substantially less complex than finding a set of training 
25 sequences. However, the use of single training sequence requires transmission and reception 
techniques that permit channel estimation for each of the antennas 20 at the AT 30. The 
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present invention uses a scaling value matrix, or other appropriate set of scaling values to 
accomplish this. 

First, consider the case of two transmit antennas 20 and two consecutive time slots. 
Later, the more general case of A/ transmit antennas 20 and MUme slots follows In a 
5 stralghtfonvard manner. 

In a first example, a training sequence is transmitted simultaneously from the two 
antennas 20 in a first time slot. In the second time slot, a training sequence is transmitted from 
the first one of the two antennas 20, while the antipodal sequence (I.e., the same sequence 
multiplied by -1) Is simultaneously transmitted from the second one of the two antennas 20. 

10 From the perspective of the AT 30, the effect of transmitting the siame training sequence 

in the first time slot is that it can estimate a channel equivalent to the sum of the two channels. 
Similarly, the effect of transmitting antipodal sequences In the second time slot is that the AT 30 
can estimate a channel equivalent to the difference between the two channels. The sum and 
the difference may then be used to separate the Individual channels, allowing the AT 30 to 

1 5 estimate each channel. 

In a second example, a training sequence is transmitted from a first one of two antennas 
20 in the first time slot, with no signal being transmitted by the second one. In the second time 
slot, the second one of the two antennas 20 transmits a training sequence, with no signal being 
transmitted by the first one. 

20 In this case, a receiver (e.g., the AT 30) can estimate the channel from the first one of 

the antennas 20 in the first time slot, and the channel from the second one of the antennas in 
the second time slot. Note that If the total transmit power is P when simultaneously transmitting 
from both the first and second antennas 20, then each antenna 20 nominally transmits at power 
P/2. Thus, In this second example, in order to allocate the appropriate amount of power to the 

25 training for each channel, the nominal transmit power from the first antenna 20 is doubled when 
transmitting the training sequence in the first time slot. Likewise, the nominal transmit power 

7 
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from the second antenna 20 is doubled when transmitting the training sequence in the second 
time slot. 

Turning to the general formulation of A/ antennas 20 and Af time slots. Fig. 3 Illustrates a 
generalized scaling value matrix. The matrix has /V columns con^sponding to /V transmit 
antennas 20. That is. column 1 corresponds to antenna A,, while column 2 corresponds to 
antenna A^, and so on. Each row corresponds to a successive time slot in the TDMA transmit 
signal that is assigned to the AT 30. While the scaling value matrix rows do not necessarily 
represent consecutive time slots (e.g.. frame 1. frame 2. frame 3. etc.). this is oidinarily the 
case. Each element of the scaling value matrix comprises a scaling factor or scaling value that 
is used to scale the transmit power level of the training sequence as will be hereinafter 
described. Note that, in general, scaling values may be complex values. 

The scaling value matrix is dimensioned as M rows by N columns, indicating that M 
successive time slots will be used to develop channel estimates for all of the N antennas 20. 
While M must be at least as large as /V (/W s N). there may be more time slots than antennas 20. 
For example, one might train for four antennas 20 over eight time slots. Using a greater number 
of time slots yields better channel estimates through averaging only if the channels themselves 
Are not changing too rapidly. 

Each row/column position in the matrix holds a scaling value for a conBspondIng one of 
the N transmit antennas 20, for a corresponding one of the M time slots. That is, the matrix 
element in the row and they* column represents the scaling value used to scale the transmit 
signal power and set the signal sign (positive or negative) for the training sequence portion of 
the transmit signal from they* antenna 20 during the it* time slot. This scaling value is denoted 
as V As will be explained In more deteil later, the orthogonality between th? scaling value 
matrix columns allows the AT 30 to discriminate between the antennas 20. 

Fig. 4 illustrates the process of transmitting the known training sequence over W time 
slots. During Slot 1. the transmit signal from antenna A, for at least the training sequence 
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portion of the signal is scaled according to matrix element bjj, the signal from antenna A2 is 
scaled according to matrix element b,2, and so on. At the next slot, the matrix elements (scaling 
values) from the second row are used, so matrix element 621 scales the signal from antenna Ai, 
matrix element scales the signal from antenna Aa, and so on. This progresses for at least as 
5 many times slots as there are transmit antennas 20 {M ^ N). 

Fig. 5 illustrates an additionally complexity in terms of signal reception from the 
perspective of the AT 30. From each antenna 20, there are multiple propagation paths (e.g., 6, 
g, ... This multipath phenomenon is well understood In the art. For the purposes of this 
discussion, then, the term "channel estimate** as used between the AT 30 and any one of the 
1 0 antennas 20 should be understood to refer to the set of propagation paths between the AT 30 
and that antenna 20. A channel estimate Cfor a given one of the antennas 20 represents a set 

of channel estimates ii , with each estimate corresponding to one of the multipath signals from 
the antenna 20. Thus, the set of channel estimates for the y* antenna is expressed as. 



of Lmuiti paths. 

Fig. 6 is a diagram of an exemplary AT 30 in accordance with the present invention. The 
AT 30 comprises a controller 32, memory 34, a frequency synthesizer 36, an antenna assembly 
including duplexer/switch 38 and antenna 39, a user interface 40, a transmitter 60, and a 
20 receiver 70. As shown, the AT 30 supports voice and data communication as a digital cellular 
telephone. However, the present invention is applicable to essentially any type of wireless 
communication receiver required to generate channel estimates based on receiving known 
training data or Information in a transmit diversity environment. Thus, the AT 30 is not limited to 




1 5 Where hj is the channel estimate for each multipath /for the yth antenna, vwth a total 
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cellular handsets, and may be implemented as a pager, a peisonal digital assistant, a computer 
with RF communications, and the like. 

The controller 32 typically comprises a microcontroller unit (MCU) that includes a 
microprocessor and supporting peripherals, such as timer/counters, pulse-width modulation 
5 circuits, memory, and bit-oriented input/output signal lines. Generally, the controller 32 acts as 
an overall system manager, handling various housekeeping chores, including management of 
the user interface 40. 

The user interface 40 includes a keypad 42 and a display 44. The controller 32 
interfaces either directly or indirectly with the keyboaixl 42 and display 44 to accept control and 
10 data input from the user, and to provide visual information, such as call status, email or short- 
message sen/lce text, address book infomiafion, and the like. 

A digital-to-analog converter (DAC) 46 receives decoded digital speech samples from 
the receiver 70. and converts the samples into an analog output signal. The amplifier 48 
amplifies the DAC output signal and drives a speaker 50. which provides audio output to the 
15 user. 

A microphone 52 receives input speech from the user, which is converted into an analog 
electrical signal that is amplified by amplifier 54. and converted into digital samples by the 
analog-to-digital converter (ADC) 56. The digitized speech signals am then provided to the 
transmitter 60. where they are encoded for transmission to the base station 16 via the antenna 
20 39. 

The transmitter 60 comprises a voice encoder 62. which encodes the digitized voice 
samples received fl-om the user interface 40. The encoded voice samples then pass to the 
channel encoder/interleaver. which adds redundancy encoding and interieaving to the speech • 
data, as well as any control or signaling information from, for example, the controlier 32. The 
25 modulator 66 uses the channel-encoded data to generate modulation signals, which are then 
used in the fi^uency translation stage 68 to modulate a carrier signal that is at the desired 

10 
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transmit frequency. The modulated carrier-frequency signal output by the frequency translation 
stage 68 is then amplified by the RF amplification stage 69 and broadcast by the antenna 39. 

The receiver 70 comprises a receiver front-end that includes typically provides filtering, 
amplification, down conversion, and analog-to-digital conversion of the received signal, an 
5 equalizer/demodulator 72. a channel decoder/delnterieaver 74, a voice decoder 76, and a joint 
channel estimator 78. Selected portions of the transmitter 60 and receiver 70 may be combined 
into a digital signal processor (DSP) 80. which provides digital signal processing functions 
supporting the various transmit and receive operations, including voice and channel 
encoding/decoding operations. 

10 In operation, the equalizer/demodulator 72 recovers symbol sequences corresponding to 

transmitted data from the received signal, after processing by the receiver front-end 71. The 
joint channel estimator 78 determines channel estimates for the propagation path? (channels) 
corresponding to each of the antennas 20. The equalizer/demodulator 72 compensates the 
received signal for channel distortions based on these channel estimates, thus improving its 

15 performance. Essentially, a channel estimate describes the phase shift and attenuation of a 
corresponding channel, allowing the receiver 70 to "correct" received signal sample values for 
channel distortion. 

In the transmit diversity environment of the present invention, the joint channel estimator 
78 must develop a channel estimate for each significant multipath channel corresponding to 
20 each one of the transmit antennas 20. This requires the receiver 70 to discriminate the training 
sequences it receives from one antenna 20 from those it receives from the others. To achieve 
this discrimination, the Joint channel estimator 78 uses ^e same scaling value matrix used to 
transmit the received signal from the collection of antennas 20. 

Fig. 7 illustrates an exemplary Joint channel estimator 78 and provides a basis for 
25 detailing channel estimation operations in accordance with the present invention. The joint 

channel estimator 78 includes channel estimators 100, multipliers 102, and summing nodes or 
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combiners 104. Fig. 7 illustrates a functional organization for the Joint channel estimator 78. 
rather than necessarily describing a Itteral arrangement of discrete circuits. For example, the 
joint channel estimator 78 may be Implemented as part of the DSP 80. in which case the 
Illustrated ftinctional blocks represent processing resources of the DSP 80 organized based on 
a software Implementation of the required functions. 

Functionally, the Joint channel estimator 78 comprises an estimator 1 00 for each of the 
M time slots. In operation, each estimator 1 00 develops a combined channel estimate for one 
or more selected multipath signals representing the effective channel response for Its 
corresponding time slot*. TTils Is expressed as where /represents a multipath 

signal. Thus, for M time slots or intervals, there are M combined channel estimates, each one 
containing estimates for at least one of up to L multipaths. 

Essentially, each estimator 100 develops a channel estimate in Its corresponding time 
interval * as If there were only one transmit antenna 20. rather than the two or more transmit 
antennas 20. This is referred to as a "combined channel estimate" and connotes that the 
estimate Is really based on training sequence Infomiation received In the combined signal from 
one or more antennas 20 during the time interval. 

These combined channel estimates are summed across all times slots Af for each 
antenna / using the scaling value matrix elements from the column conesponding to the /* 
antenna for the /* multipath. which is described In detail below. That is. the sets of multipliers 
1 02 corresponding to the combiners 104 operate to scale each combined channel estimate by 
the appropriate set of scaling values corresponding to the scaling values used to scale 
transmission of the known training sequence over the Wtimes slots at a corresponding one of 
the transmit antennas 20. Thus, each combiner 104 corresponds to a different one of the 
transmit antennas 20. The outputs from the combiners 104 represent the antenna-spedfic 
channel estimates for one or more multipaths / for each of the A/ transmit antennas 20. Note 
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15 



that in the DSP 80, the same processing resources could be used repeatedly to perform the 
estimation, scaling, and summing operations performed by the estimators 100, multipliers 102, 
and combiners 104 illustrated In Fig. 7. 

The above operations sum the combined channel estimates for all time intervals, with 
each combined time interval estimate scaled by the scaling value matrix element in the z**^ 
column and the 1^ row. In detail, let denote the matrix element in the i ^ row and In the 

column of any scaling value matrix B of dimension MxN vAth orthogonal columns, where 
M>N. In other words, {b^) satisfies, 



for i = 1,2,---,A/ time intervals and j = 1,2,..., //transmit antennas 20. Further, let {s(n)}^J^ be 
a training sequence such as might be normally used in a communication system with no 
transmit diversity (I.e., with a single transmit antenna). By selecting the connesponding matrix 
element from the scaling value matrix, the training sequence may be scaled and signed so that 
the receiver 70 in the AT 30 can discriminate between the antennas 20. The scaled training 
sequence {b^^ s(n)}'^J^ Is transmitted by the y*^ antenna during the training period of the it**' 
time interval, where j = l,2,---,iV and k = l,2,--,Af . 

At the receiver 70 of the AT 30. the received signal r In time interval k may be written 

as. 



Where {Ai(0}/t5 is the effective channel response observed in the time interval k and y^i^(n) 
represents an unknown noise component in the time Interval k. Note that the Inner summation 
from / = 0 to X -1 represents a summation of the set of propagation paths for a given antenna j. 



N 




wo 02/098088 



PCT/US02/15961 



While the outer summation fromy = 1 to N spans the full set of transmit diverelty antennas 20. 
Without loss of generality, it is assumed that the channel responses from all the antennas 20 
have length l . 

As depicted In Fig. 7, to obtain a channel estimate for each of the transmit antennas 20. 
the joint channel estimator 78 first performs a channel estimation for the effective channel 
iKiOyU each time interval k as if there were only one transmit antenna 20. A channel 
estimate {A,(0}|tj for each antenna i can then be obtained by combining the channel estimates 
iK(f)){^ from all M time Intervals as follows. 



Where / = o,l,..,X~l and z=l,2,— Note that the conjugate of the transmit scaling factors 
are generally used by the AT 30 In the above calculation. Ignoring the noise component, the 
estimate {hi(l)}f^ of the effective channel in each time interval k Is then given by 

Then, from the above equation, the channel estimate for antenna i reduces to 



For J = o,i,...,x-i and / = 1,2,'",N, which is the true channel response for antenna / . 

As a general summary of the above details, the AT 30 operates in a wireless 
communication network that uses transmit diversity, and receives the same training sequence 
from two or more antennas over two or more time Intervals. If there are N transmit antennas 20. 
the AT 30 must receive the transmitted scaled training sequence simultaneously transmitted 
from the N transmit antennas over at least M time intervals, where M^N, A sequence of 
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scaling values, one value per time Interval, is used to scale the training sequence across the 
time intervals for each antenna 20. As between the multiple transmit antennas 20, the scaling 
sequences used are orthogonal. It may be that, for one or more antennas 20 in one or more 
time intervals, the corresponding scaling value is zero, which effectively suppresses 
5 transmission of the training sequence from that antenna for that time interval. 

In any case, because the overall scaling sequences used across the full set of time 
intervals between the antennas 20 are orthogonal, the AT 30 can perform channel estimation in 
each time Interval based on the combined signal received from all antennas 20 transmitting the 
training sequence in that time interval. After developing a combined channel estimate for each 

10 of the time intervals, the AT 30 can, for each antenna 20, scale each combined channel 

estimate using the same scaling value used to scale the training sequence from that antenna 20 
in that time interval. In eifect, the AT 30 is, for each antenna 20, weighting the set of combined 
channel estimates by the corresponding set or sequence of scaling values. Each weighted set 
of combined channel estimates may be summed to obtain antenna-specific training sequence 

15 Information. 

Because of the orthogonality between the sequences used by each antenna 20, 
weighting the set of combined channel estimates with a particular sequence of scaling values 
cancels the influence of training sequences transmitted from all but the individual antenna 20 
that used that particular scaling sequence in transmission. Thus, the AT 30 is left with training 

20 sequence data corresponding to a specific one of the antennas 20, and can therefore develop 
an antenna-spedfic channel estimate for the one or more propagation paths or multipaths / 
between that specific antenna 20 and the AT 30. Repeating this process by weighting the set of 
combined channel estimates using each of the scaling value sequences allows the AT 30 to 
develop a weighted sum of combined channel estimates for each antenna 20, and thereby 

25 obtain an antenna-specific channel estimate for each one of the multiple transmit antennas 20. 
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Another way of representing the generalized operations involved is to refer bade to the 
scaling value matrix discussed earlier. This matrix has orthogonal columns; with each column 
corresponding to one of the W transmit antennas 20, and each row corresponding to one of the. 
/Wtlme intervals. Each column represents a scaling value sequence, with successive values in 
the scaling value sequence representing the scaling values used at the corresponding transmit 
antenna 20 over the set or sequence of M time intervals. Thus, on the transmit side, each 
transmit antenna 20 transmits the training sequence at each one of the Af time Intervals scaled 
by the conBsponding scaling value in the scaling value sequence (matrix column) 
conesponding to that transmit antenna 20. At the AT 30, the combined channel estimates are 
determined for each of the M time Inten^als, and then combined in weighted feshion for each 
transmit antenna 20 using the same scaling value sequence (matrix column) used to scale the 
transmitted training sequence. 

The number of time intervals M may be a multiple of the number N of transmit antennas 
20 involved. For example, if there are two transmit antennas 20 {N = 2). then cxN time 
intervals may be used, where V is some number such that the total number of time Intervals M 
Is a multiple of N. If, for example, with /V = 2 and c = 2. a total of four time inten/als are used (M 
= 4). This provides the AT 30 with an opportunity to develop a antenna-specific channel 
estimates based on longer averages, which may yield greater estimate accuracy provided the 
channels are not changing too rapidly. 

As a practical illustration of the above general formulation with W transmit antennas 20 
and M time intervals, the earlier examples with N = 2 antennas and M = 2 time intervals are 
revisited. First, consider a two-antenna example in which the scaling value matrix B is formed 
as the identity matrix A^, = = i and 6,, = i,, = o . This assumes using, for example antennas A1 
and A2 from the antennas 20 depicted in Fig. 1. In this case, the training sequence {s(n)}';^ is 
transmitted at full power over the first antenna A1 during the training period of the firet time 
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interval while the second antenna A2 is kept silent (i.e. it transmits nothing). During the second 
time Interval, the first antenna A1 is kept silent while the second antenna A2 transmits the 
training sequence {s(n)}^^^ . The joint channel estimator 78 estimates the channels for the first 
and the second antennas A1 and A2 from the received signal r in the first and second time 
intervals, respectively. Note that keeping a transmit antenna 20 silent during a time slot or 
interval may be accomplished by scaling the training Information it transmits by a zero scaling 
value. 

Another two-antenna example is based on fomning a "sum-difference" scaling value' 
matrix B as, 



10 B= 



1 1 
1 1_ 



In this case, both antennas A1 and A2 transmit the training sequence {2"*'^4r(«)}^' during the 
training period of the first time interval. In the second time interval, the first antenna A1 
transmits {2"*'^ while the second antenna A2 transmits {-2~^^^ s(n)}^jQ , The joint 

channel estimator 78 obtains channel estimates for the two antennas A1 and A2. given as 
15 {A(0}jS and (4 (0}w . respectively, by computing, 

^(0 = M^ ^in^^m^, for/ = 0.1.-,i-l. 

Where and {^(OmI denote the estimated channels for the first and second time 

intervals, respectively. 

In general, the columns of the scaling value matrix B are adjusted to nonmalize the 
20 relative power levels of the transmit signal transmitted from each of the antennas 20. For 
example, a 3 x 3 matrix with the requisite columnar orthogonality is given as. 
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2 1 0 
1 -1 0.5 
1 -1 -0.5 



The above matrix may be normalized to achieve the desired relative transmit power levels 
between the three transmit antennas 20 for each of the three time Intervals as. 
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As shown above, the joint channel estimation techniques of the present invention allow a 
single training sequence to be used In transmit diversity environments with any number of 
antennas 20. In practice, the number of antennas 20 is typically limited to a relatively small 
number (e.g., N<8) for a variety of reasons. First, adding more and more trarremit antennas 20 
becomes a diminishing returns problem. That is. Increasing from, for example, three antennas 
20 to four antennas 20 does not yield the same percentage Increase in perfomiance achieved 
by going from one antenna 20 to hvo antennas 20. Further, it tal<es as least as many time 
Intervals as there are transmit antennas 20 to perfomi Joint channel estimation. 

Joint channel estimation techniques work best when the channels being estimated are 
not changing rapidly. Thus, as noted earlier, using more transmit antennas 20 extends the 
number of time Intervals and hence increases the overall time required to develop the set of 
channeiTestlmates jfj jj'" for the N transmit antennas 20 (M ^ N). 

The present Invention was Illustrated in the particular context of a GSM-based TDMA 
wireless communication system. However, it broadly applies to TDMA systems in general, as 
well as applying equally well to CDMA-based communication systems in general. Thus, the 
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mobile network 10 may be.configured as a CDMA-based wireless communication system and 
the AT 30 may be appropriately configured to operate with the appropriate CDMA air interface. 

Two types of training are typically used in CDMA communication systems. The first type 
or variety of training is based on "pilot symbols." and is essentially the same as the training 
5 sequence method used In TDMA systems, as discussed above. In the pilot symbol approach, 
blocks of information are interspersed with known pHpt symbols. Thus, these pilot symbols in 
the CDMA environment correspond to the training sequences used In the TDMA environment, 
and the present invention may be applied directly to CDMA systems employing such pilot 
symbols. 

10 The second type or variety of training in CDMA environments involves the use of a pilot 

channel. A pilot channel Is transmitted simultaneously the Information (e.g., a traffic channel). 

Different spreading codes are used between the pilot and traffic channels. The orthogonality 
. between the different spreading sequences allows an AT 30 to differentiate the pilot channel 

from the other channels, provided the time dispersion over the physical medium (propagation 
1 5 channels) is not too great. Generally, the design of the CDMA-based system wori<s to limit 

dispersion to tolerable limits. 

The present Invention applies to the use of pilot channels as well. The spreading 

sequence transmitted over the pilot channel plays the role of the training sequence used in 

TDMA-based applications. Consequently, the same technique is applied to the pilot channels 
20 transmitted from different transmit antennas 20. As CDMA systems are typically continuous 

transmission systems, the pilot charinel may be partitioned into blocks of time, in analogous 

manner to the time slot division approach used in TDMA systems. 

vyith the pilot channel being time-partitioned, the present invention may be applied as 

before, using N antennas 20 and M time blocks of the pilot channel. For example, with two 
25 transmit antennas 20 and two pilot channel time blocks, the same training sequence may be 

transmitted over both pilot channels (the pilot channel from each one of the two transmit 
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antennas) for one time block, and the antipodal sequences transmitted from the antennas 20 
over the pilot channels for the next time block. This operation mimics the earlier TDMA-based 
examples. 

Note that some CDMA systems use a scrambling mask after spreading. Scrambling 
5 helps randomize the signals, to the benefit of the system. Typically, the same scrambling mask 
is used by all signals transmitted from one communication sector or cell. The signals from all N 
transmit antennas 20 are treated as coming from the same sector or ceil. Hence, the signals 
from the N antennas 20 all use the same scrambling mask. 

At the receiver (e.g.. the AT 20). the scrambling mask is removed from the composite 
1 0 received signal, thus unscrambling all the components of the composite signal simultaneously 
receh^ed from the different transmit antennas 20. Thus, the use of scrambling masks within 
CDMA environments does not interfere with the use of the present invention. Other aspects of 
CDMA communication systems, including channel estimation in the context of RAKE receivers, 
are well understood in the art and do not require discussion In the context of the present 
15 invention. 

The above discussion included examples for applying the present invention to both 
TDMA and CDMA communication systems. It should be appreciated ttiat the present invention 
may, of course, be earned out In other specific ways ttian those herein set forth wittiout 
departing from the spirit and essential characteristics of the invention. The present 
20 embodiments are, therefore, to be considered in all respects as illustrative and not restrictive, 
and all changes coming within the meaning and equivalenpy range of ttie appended dalms are 
intended to be embraced therein. 
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CLAIMS 

What is claimed is: 

1.. A method of facilitating mobile receiver propagation channel estimation based on a 
common training sequence in a transmit diversity environment wiierein two or more transmit 
5 antennas simultaneously transmit data to the mobile receiver, the method comprising: 

transmitting scaled versions of a single training sequence simultaneously from each one 
of the two or more transmit antennas during each one of two or more time 
inten^als; and 

scaling the single training sequence for each time inten/al and at each antenna by a 
10 scaling value selected from an orthogonal set of scaling values based on the 

antenna and the time interval, such that the mobile receiver can distinguish the 
single training sequence as received from each of the two or more antennas by 
combining the scaled single training sequences received over the two or more 
time intervals. 

15 

2. The method of claim 1 wherein transmitting scaled versions of a single training 
sequence simultaneously from each one of the two or more transmit antennas during each one 
of two or more time Intervals comprises, for each time interval and transmit antenna, adjusting a 
transmit powder used to transmit the scaled version of the single training sequence based on a 

20 magnitude of the corresponding scaling value. 

3. The method of daim 2 wherein adjusting a transmit power used to transmit the scaled 
version of the single training sequence based on a magnitude of the corresponding scaling 
value comprises not transmitting the common training sequence from a given one of the two or 

25 more transmit antennas for a given one of the two or more time Intervals if the corresponding 
scaling value has a magnitude of zero. 
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4. The method of claim 2 further comprising adjusting a sign of the transmit signai used to 
transmit the scaled version of the single training sequence based on a sign of the corresponding 
scaling value. 

5. The method of claim 1 further comprising maintaining the set of orthogonal scaling 
values as a matrix having orthogonal columns, and wherein each column corresponds to one of 
the two or more transmit antennas and each row of the matrix corresponds to one of the two or 
more time intervals. 

6. The method of claim 1 v^erein there are two transmit antennas and two time intervals 
used for training, and wherein scaling the single training sequence for each time interval and at 
each antenna by a scaling value selected from an orthogonal set of scaling values based on the 
antenna and the time interval comprises: 

scaling the single training sequence for transmission by a first one of the two transmit 
antennas by a first scaling factor during each one of the two time intervals; and 

scaling the single training sequence for transmission by a second one of the two transmit 
antennas by the first scaling factor during the first time interval, and by the 
negative of the first scaling factor during the second time interval, such that the 
second one of the two transmit antennas transmits an antipodal version of the 
single training sequence during the second time interval. 

7. The method of claim 1 wherein there are two transmit antennas and two time intervals 
used for training, and wherein scaling the single training sequence for each time interval and at 
each antenna by a scaling value selected from an orthogonal set of scaling values based on the 
antenna and the time interval comprises: 



22 



wo 02/098088 



PCT/US02/15961 



scaling the single training sequence for transmission by a first one of the two transmit 
antennas by a first scaling factor during a first one of the two time intervals, and 
by zero during the second one of the two time intervals; and 

scaling the single training sequence for transmission by a second one of the two transmit 
5 antennas by zero during the first time interval, and by the first scaling factor 

during the second time interval. 

8. The method of claim 1 wherein there a N transmit antennas and M> N time intervals, 
and wherein scaling the single training sequence for each time interval and at each antenna by 
10 a scaling value selected from an orthogonal set of scaling values based on the antenna and the 
time interval comprises selecting a corresponding matrix element for each antenna at each time 
interval from a scaling value matrix comprising N orthogonal columns corresponding to the N 
transmit antennas and M rows corresponding to tiie M time intervals. 



15 9. The method of claim 1 further comprising maintaining a relative scaling of the single 
training sequence between the two or more transmit antennas such that a total transmit power 
of the scaled versions transmitted from the two or more antennas remains at a desired total 
transmit power P. 

20 10. The method of claim 1 wherein the mobile receiver is a TDMA receiver and wherein 
transmitting scaled versions of a single training sequence simultaneously from each one of the 
two or more transmit antennas during each one of two or more time intervals comprises 
transmitting scaled versions of the single training sequence during a training portion of two or 
more successive TDMA time slots. 
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1 1 . The method of claim 1 wherein the mobile receiver Is a CDMA receiver using pilot 
symbols to perform propagation channel estimation, and wherein transmitting scaled versions of 
a single training sequence simultaneously from each one of the two or more transmit antennas 
dunng each one of two or more time intervals comprises transmitting scaled versions of the 

5 same pilot symbols. 

12. The method of claim 1 wherein the mobile receiver is a CDMA receiver using a pilot 
channel to perform propagation channel estimation, and wherein transmitting scaled versions of 
a single training sequence simultaneously from each one of the two or more transmit antennas 

1 0 during each one of two or more time Intervals comprises: 



dividing the pilot channel time wise into two or more succeeding blocks of time; 



transmitting scaled versions of a pilot channel sequence from each one of the two or 



more transmit antennas for each one of the two or more blocks of time. 



15 
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13. A method of transmitting from at least two transmit antennas to achieve transmit 
diversity between a wireless communication system and a mobile receiver, the method 
comprising: 

transmitting the same training sequence from said at least two transmit antennas during 

each one of at least two time Intervals; and 
scaling the training sequence transmitted at each said transmit antenna during each said 

time interval by a scaling factor selected from an orthogonal set of scaling factors 

based on said antenna and said time interval; 
wherein using said scaling factors to adjust the training sequence transmitted by each 

antenna ih each time interval allows the mobile receiver receiving a combined 

signal from said at least two transmit antennas for said at least two time inten/als 

to develop propagation channel estimates relative to each one of said transmit 

antennas. 

14. The method of claim 13 wherein scaling the training sequence transmitted at each said 
transmit antenna during each said time Interval by a scaling factor selected from an orthogonal 
set of scaling factors t)ased on said antenna and said time interval comprises: 

providing a scaling value matrix comprising a column for each one of said two or more 
transmit antennas and a row for each one of said at least two time Intervals, 
wherein said columns are orthogonal with respect to each other; and 

scaling said training sequence at the fih antenna in the kth time interval by the matrix 
element in the Mh row and the yth column of said scaling value matrix. 

15. The method of claim 14 wherein said scaling value matrix has N columns con-esponding 
to N transmit antennas and M rows corresponding to M time intervals, where M is greater than 
or equal to N, and further comprising: 
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setting a nominal transmit power for each of said N transmit antennas as a 1 /A/ fraction 

of the desired total transmit power; and 
nomnaliang said scaling value matrix based on said nominal transmit power. 

16. The method of claim 14 wherein scaling said training sequence at the/lh antenna in the 
Mh time interval by the matrix element in the /cth row and the jth column comprises multiplying e 
transmit signal from said/th antenna in the /cth time inten/al by said matrix element in the /cth 
row and Jth column in said scaling value matrix. 

17. the method of claim 13 further comprising detennining said orthogonal set of scaling 
values to minimize transmit power changes In the transmitted signal from said transmit 
antennas between successive time Internals. 
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18. A method of developing channel estimates at a mobile receiver operating in a wireless 
communication system that employs transmit diversity, the method comprising: 

receiving the same training sequence from at least two transmit antennas in each of at 
least two time intervals; 

5 generating a combined channel estimate in each said time interval based on receiving 

the training sequence from said at least two transmit antennas; and 
generating a channel estimate for each said transmit antenna as a weighted combination 

of the combined channel estimates; 
wherein the weighting factors used to generate said weighted combination of combined 
10 channel estimates for each said transmit antenna correspond to a sequence of 

scaling factors used to scale said training sequence at said transmit antenna 
over said time intervals, and wherein said sequences of scaling factors used for 
the at least two transmit antennas are orthogonal sequences. 

15 19. The method of claim 18 wherein generating a combined channel estimate in each said 
time interval based on receiving the training sequence from said at ieast two transmit antennas 
comprises: 

receiving a combined signal from said at least two transmit antennas; and 
generating a channel estimate based on the combined signal for each time Interval as if 
20 there were only one transmit antenna active in each said time interval. 

20. The method of claim 19 wherein generating a channel estimate based on the combined 
signal for each time interval as if there were only one transmit antenna active in each said time 
interval comprises, for at least one multipath component received during said time interval, 
25 determining a channel estimate based on distortion in received values corresponding to said 
training sequence. 
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21 . The method of claim 1 9 wherein generating a channel estimate for eacdi said transmit 
antenna as a weighted combination of the combined channel estimates comprises, for each 
said transmit antenna, multiplying the combined channel estimate determined In each time 
interval by a scaling factor corresponding to said time interval, wherein said scaling factor is 
selected from the sequence of scaling factors used to scale the training sequence transmitted 
by said transmit antenna over said time intervals. 
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22. A method of channel estimation in a wireless communication system employing transmit 
diversity, the method comprising: 

receiving a training sequence transmitted iiom a plurality of transmit antennas during 
each one of a plurality of time intervals, wherein each said transmit antenna 
scales the transmitted training sequence in each said time interval using a 
corresponding scaling value selected from orthogonal sets of scaling values; 
generating a combined channel estimate for each time interval based on said training 
sequence as received from said plurality of transmit antennas in said time 
slot; and 

generating a channel estimate relative to each transmit antenna based on: 

weighting each combined channel estimate by the corresponding scaling value 
selected from said sets of orthogonal scaling values based on said 
antenna and said time interval; and 
summing weighted combined channel estimates to form said channel estimate 
relative to said transmit antenna. 

23. The method of claim 22 wherein said combined channel estimates developed across 
said time intervals form a sequence of combined channel estimates and wherein weighting said 
combined channel estimates for each transmit antenna comprises multiplying respective ones In 

20 said sequence of combined channel estimates by the complex conjugates of respective ones of 
said corresponding scaling values used by said transmit antenna. 

24. The method of claim 22 wherein each said combined channel estimate comprises a 
composite of combined estimates for a number of multipath signals and further comprising 

25 generating said channel estimate relative to each said transmit antenna based on weighting and 
summing said composites of combined estimates. 

29 
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25. The method of claim 22 Hirther cx>mprising storing in a wireless receiver said sets of 
orthogonal scaling values used by said plurality of transmit antennas to scale said training 
sequence across said plurality of time inten^als. 

26. The method of claim 22 wherein said piuraiity of times intervals is a desired multiple of 
the number of said plurality of transmit antennas. 
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27. A method of performing channel estimation at a mobile receiver in a wireless 
communication system employing at least two transmit antennas to achieve transmit diversity, 
the method comprising: 

receiving a training sequence in a received signal transmitted from a plurality of transmit 
5 antennas in each one of a plurality of time intervals, said training sequence 

scaled at each said transmit antenna in each said time interval by a scaling value 
selected from a sequence of scaling values corresponding to said transmit 
antenna, and wherein said sequences of scaling values for said plurality of 
transmit antennas are mutually orthogonal; 
10 generating a combined channel estimate for each time interval based on the training 

sequence received from said transmit antennas; and 

generating an antenna-spedfic channel estimate for each said transmit antenna 
based on: 

weighting each combined channel estimate by a scaling factor selected 
15 from the sequence of scaling factors corresponding to said 

transmit antenna based on the time interval corresponding to said 
combined channel estimate; and 
summing weighted combined channel estimates for all time intervals to 
form said antenna-specific channel estimate for said transmit 
20 antenna. 

28. The method of claim 27 wherein generating a combined channel estimate for each time 
interval based on the training sequence received from said transmit antennas comprises 
generating a combined channel estimate In each said time interval for at least one multipath 

25 component of the received signal. 
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29. The method of claim 28 wherein generating a combined channel estimate in each said 
time interval for at least one multipath component of the received signal comprises generating 
an estimate of channel distortion for each one of the at least one multipath components of the 
received signal. 



30. The method of claim 27 wherein weighting each combined channel estimate by a scaling 
factor selected from the sequence of scaling factors corresponding to said transmit antenna 
based on the time Interval corresponding to said combined channel estimate comprises: 

for each combined channel estimate, selecting the corresponding scaling factor from the 

sequence of scaling factors corresponding to the transmit antenna; and 
multiplying each combined channel estimate by the conjugate of the corresponding 

scaling factor to generate a set of weighted combined channel estimates for the 
transmit antenna; and 
summing the set of weighted combined channel estimates to form the antenna-specific 
channel estimate for the transmit antenna. 



31 , The method of dalm 27 further comprising: 

receiving the training sequence over said plurality of time intervals wherein said plurality 

is some multiple A of the number of transmit antennas; and 
determining a set of combined channel estimates for the A time intervals, such that said 
antenna-specific channel estimates are averaged over the A time intervals. 
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32. A wireless access terminal for use in a wireless communication system employing 
transmit diversity where two or more transmit antennas are used to transmit an information 
signal Including a known training sequence over a plurality of time intervals, said access 
terminal comprising: 

5 a receiver front-end to generate a received signal based on receiving the information 

signal; 

a demodulator to generate a demodulated signal based on demodulating the received 
signal; and 

a joint channel estimator to compensate the received signal demodulated by said 
1 0 demodulator for channel distortions using antenna-specific channel estimates 

corresponding to the two or more transmit antennas, said joint channel estimator 
comprising: 

at least one combined channel estimator to determine a combined 
channel estimate for the received signal for each one of the 
i5 pluralityof time intervals; 

multipliers to generate scaled combined channel estimates for each one 
of the two or more transmit antennas by scaling the combined 
channel estimate determined for each time interval by a scaling 
factor corresponding to the time interval and the transmit 
20 antenna; and 

combining circuits to combine the scaled combined channel estimates 

corresponding to each one of the two or transmit antennas to form 
an antenna-spedfic channel estimate for each one of the two or 
more transmit antennas. 
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33. The wireless access terminal of claim 32 wherein said at feast one combined channel 
estimator comprises channel estimation logic to detenmine a combined channel estimate for 
each time inten^al based on the received signal as received from the two or more transmit 
antennas. 

5 

34. The wireless access terminal of claim 32 wherein said wireless access terminal 
comprises a digital signal processor and said joint channel estimator comprises a portion of said 
digital signal processor. 

1 0 35. The wireless access terminal of claim 32 further comprising memory operative to 
maintain said scaling factors used by said Joint channel estimator to scale said combined 
channel estimates. 
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36. A transmitter for use in a wireless communication system using a plurality of transmit 
antennas to achieve transmit diversity, and further transmitting a common training sequence 
from all said transmit antennas, said transmitter comprising: 

a plurality of transmit amplifiers, each one of said plurality of transmit amplifiers 
5 corresponding to one of said multiple transmit antennas; 

a memory to hold a set of mutually orthogonal scaling sequences, each one of said 
scaling sequences corresponding to one of said transmit antennas and 
comprising a sequence of scaling values; and 
a controller to scale a transmit power of each one of said plurality of transmit amplifiers 
10 during each one of a plurality of successive time intervals by a scaling value 

selected based on time Interval from the sequence of scaling values 
conresponding to each said transmit antenna. 

37. The transmitter of daini 36 wherein said memory comprises a memory circuit containing 
15 said set of mutually orthogonal scaling sequences stored as a scaling value matrix with mutually 

orthogonal columns, each said mutually orthogonal column corresponding to one of said 
transmit antennas, and with a number of rows, successive ones of said rows corresponding to 
successive ones of said time intervals. 

20 38. The transmitter of claim 37 wherein said controller comprises control circuitry for scaling 
a transmit signal from the yth one of said plurality of transmit antennas during the kth one of said 
plurality of successive time intervals by a scaling value selected from the yth column and Mh row 
of said scaling value matrix held In said memory. 

25 39. The transmitter of daim 36 wherein said transmitter comprises a CDMA transmitter. 
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40. The transmitter of claim 36 wherein said transmitter comprises a TDIWA transmitter. 
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